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ABSTRACT: 24 
Centromeres consist of specialised centrochromatin containing CENP-A 25 
nucleosomes intermingled with H3 nucleosomes carrying transcription-associated 26 
modifications. We have designed a novel synthetic biology “in situ epistasis” analysis 27 
in which H3K4me2 demethylase LSD2 plus synthetic modules with competing 28 
activities are simultaneously targeted to a synthetic alphoidtetO HAC centromere. This 29 
allows us to uncouple transcription from histone modifications at the centromere. 30 
Here we report that H3K4me2 loss decreases centromeric transcription, CENP-A 31 
assembly and stability and causes spreading of H3K9me3 across the HAC, ultimately 32 
inactivating the centromere. Surprisingly, CENP-28/Eaf6-induced transcription of the 33 
alphoidtetO array associated with H4K12 acetylation does not rescue the phenotype, 34 
whereas p65-induced transcription associated with H3K9 acetylation does rescue. 35 
Thus mitotic transcription plus histone modifications including H3K9ac constitute the 36 
“epigenetic landscape” allowing CENP-A assembly and centrochromatin 37 
maintenance. H3K4me2 is required for the transcription and H3K9ac may form a 38 
barrier to prevent heterochromatin spreading and kinetochore inactivation at human 39 
centromeres. 40 
 41 
 42 
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INTRODUCTION 43 
Centromeres are the genomic locus that directs chromosome segregation 44 

during cell division 1. Human centromeres are characterized by the presence of 45 
extended arrays of α-satellite DNA, whose 171 bp monomers 2 are organized into 46 
families of higher-order repeat (HOR) arrays in the core of the centromere 3, where 47 
kinetochore assembly is nucleated. The conserved 17 bp CENP-B box sequence is 48 
distributed at regular positions within these HORs, and is the binding site for CENP-B 4. 49 
The centromeric HORs are flanked by divergent α-satellite monomers lacking CENP-B 50 
boxes and are rich in histone H3 trimethylated on lysine 9 (H3K9me3), which binds 51 
heterochromatin protein 1 (HP1) 5-7.  52 

In Eukaryotes apart from Trypanosomatids 8, regional centromeres 9 are 53 
defined epigenetically by the presence of the centromere-specific histone H3 variant 54 
CENP-A 10,11. Studies using stretched kinetochore chromatin fibers revealed that 55 
CENP-A-containing nucleosomes are localized to a sub-set of the α-satellite HOR 56 
repeats that ranges between 200 and 2,000 Kb on different chromosomes and 57 
individuals 12. In this centromeric “core” containing CENP-A, the canonical histone H3 58 
bears modifications characteristic of actively transcribed regions, including 59 
dimethylation of lysine 4 (H3K4me2) and lysine 36 (H3K36me2) 13-16. This so-called 60 
“centrochromatin” 14 nucleates assembly of the kinetochore, a multi-protein complex 61 
that binds to microtubules and directs chromosome segregation 1,17,18.  62 

The presence of marks such as H3K4me2 or H3K36me2 places 63 
centrochromatin in the “yellow” chromatin class, which contains a broad range of active 64 
intergenic states 19. Indeed, centromeric DNA has been shown to be transcribed, albeit 65 
at low levels 20-26. 66 
 Our group previously constructed a synthetic Human Artificial Chromosome 67 
(HAC) based on a dimeric α-satellite DNA array that contained alternating monomers 68 
with either CENP-B boxes or tetracycline operators (tetO) 27-29. HACs are powerful tools 69 
for studying centromeres, as they are not essential for the life of the cell. The alphoidtetO 70 
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HAC centromere can be specifically engineered using chromatin modifiers fused to the 71 
tetracycline repressor (tetR). We have found that nucleating heterochromatin within 72 
centrochromatin disrupts kinetochore function 27,30 and that low levels of transcription 73 
are needed to maintain an active kinetochore 16,31.  74 
 In this work, we aim to study the role of centromeric transcription on CENP-A 75 
stability and kinetochore maintenance. To do this, we tether the H3K4-demethylase 76 
LSD2 to the alphoidtetO HAC. LSD2 demethylates H3K4me2 in intragenic regions 77 
without recruiting other co-repressors 32, as the best known H3K4 demethylase, LSD1 78 
does 33,34. 79 

Importantly, we have exploited the multivalency of the alphoidtetO HAC array to 80 
study chromatin requirements for CENP-A chromatin recruitment. We mapped 81 
dependencies using a novel “in situ epistasis” assay, in which pairs of chromatin 82 
modifying activities are targeted simultaneously to the alphoidtetO array. These assays 83 
allow us to uncouple transcription from histone modification marks in order to study the 84 
role of centromeric transcription on kinetochore maintenance. Our results reveal that a 85 
balance of particular epigenetic modifications and transcriptional activity within 86 
centrochromatin regulate histone turnover and are essential for proper CENP-A 87 
incorporation and stability in human centromeres. 88 89 
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RESULTS 90 
 91 

LSD2 tethering to the alphoidtetO HAC decreases H3K4me2  92 
In order to study the role of centromeric transcription in kinetochore 93 

maintenance, we removed the transcription-associated mark H3K4me2 from the 94 
alphoidtetO HAC kinetochore. We did this by expressing a synthetic fusion construct 95 
encoding tetR-EYFP fused to lysine-specific histone demethylase 2 (tetR-EYFP-96 
LSD2WT; Figure 1a). A catalytically dead mutant of LSD2 fused to tetR-EYFP was also 97 
generated by introducing two mutations into the amino-oxidase domain (tetR-EYFP-98 
LSD2E412AK661A; Figure 1a; Supplementary Fig. 1a, b).  99 

TetR-EYFP-LSD2WT effectively removes H3K4me2 from the alphoidtetO HAC  100 
(Figure 1b). After transient expression of tetR-EYFP-LSD2WT in 1C7 cells for 24 hours 101 
immunofluorescence (IF) analysis detected significantly decreased levels of H3K4me2 102 
on the alphoidtetO HAC in cells and chromosome spreads (Figure 1c,d and 103 
Supplementary Fig. 1c). In contrast, no significant differences in H3K4me2 levels were 104 
observed on the alphoidtetO HAC in cells expressing either tetR-EYFP or tetR-EYFP-105 
LSD2E412AK661A (Figure 1c, d). H3K4me2 staining was unaffected on all endogenous 106 
chromosomes after expressing any of these constructs. Thus, the LSD2 effects are 107 
specifically directed to the alphoidtetO HAC centromere.  108 

For further analyses, we generated 1C7 cell lines stably expressing either tetR-109 
EYFP-LSD2WT or tetR-EYFP-LSD2E412AK661A. Since H3K4me2 is associated with active 110 
chromatin regions 19, we used chromatin immunoprecipitation (ChIP) followed by real-111 
time quantitative PCR (RT-PCR) to analyze other marks typically associated with 112 
transcribed chromatin, including H3K9ac and H3K36me2. We compared the results 113 
obtained in the presence of doxycycline (no tethering) and after 3 days of doxycycline 114 
washout (tethering) for each mark.  115 

Consistent with our immunofluorescence results, H3K4me2 levels fell after 116 
doxycycline washout in cells expressing tetR-EYFP-LSD2WT but not in cells expressing 117 
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the catalytically dead mutant tetR-EYFP-LSD2E412AK661A (Figure 1e). Levels of H3K9ac 118 
and H3K36me2 also fell in cells expressing tetR-EYFP-LSD2WT (Figure 1e, top), but 119 
not in cells expressing tetR-EYFP-LSD2E412AK661A (Figure 1e, bottom).  120 

We conclude that tetR-EYFP-LSD2WT specifically demethylates H3K4me2 at 121 
the alphoidtetO HAC centromere without recruiting other factors, such as HDACs, which 122 
complicated earlier studies with LSD1 16 due to CoREST binding 33,35.  123 
 124 

Centromeric transcription decreases after H3K4me2 removal 125 
Because H3K4me2 is associated with actively transcribed chromatin 19, we 126 

analyzed the levels of centromeric transcripts from the alphoidtetO array by real time RT-127 
PCR using 1C7 cell lines stably expressing either tetR-EYFP-LSD2WT or tetR-EYFP- 128 
LSD2E412AK661A plus and minus doxycycline. AlphoidtetO transcripts were significantly 129 
reduced after two days of doxycycline washout in cells expressing tetR-EYFP-LSD2WT 130 
relative control cells (Figure 2a, Supplementary Table 1). In contrast, no decrease in 131 
these transcripts was seen after tethering tetR-EYFP- LSD2E412AK661A (Figure 2b). 132 

CENP-A occupies only a portion of the entire α-satellite array at centromeres 14. 133 
To determine whether the alphoidtetO transcription comes from within the CENP-A array 134 
or from flanking alphoidtetO sequences, we examined the distribution of actively 135 
transcribing RNA polymerase II (phosphorylated at Serine 2 of the CTD: RNAP II-136 
S2ph) relative to CENP-A (Figure 2c). 137 

Consistent with previous results from others 36, we observed RNAP II-S2ph 138 
staining at centromeres in approximately 50% of unfixed metaphase chromosome 139 
spreads (Figure 2d). It is unclear why kinetochore-localized RNAP II-S2ph was 140 
consistently detected in only a subset of mitotic cells, though this could possibly be due 141 
to RNAP-II stalling 37,38. Immunofluorescence experiments on stretched chromatin 142 
fibers from mitotic 1C7 cells allowed us to map the distribution of RNAP II-S2ph and 143 
CENP-C across the kinetochore domain. Both signals co-localized on chromatin fibers, 144 
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with the RNAP II-S2ph distribution slightly broader than the CENP-C domain 145 
(Supplementary Fig. 2a).  146 

In controls, almost all (95%) chromatin fibers obtained after mitotic shake-off 147 
were positive for the mitotic marker H3S10ph (Supplementary Fig. 2b, c). Thus 148 
chromatin fibers obtained after mitotic shake-off do indeed come from mitotic 149 
chromosomes. Consistent with the presence of RNAP II-S2ph in metaphase 150 
chromosome spreads, we observed co-localization of RNAP II-S2ph and ACA signals 151 
in the 45% of chromatin fibers analyzed (Supplementary Fig. 2d). Importantly, total 152 
ACA levels in individual fibers varied less than 2-fold, independent of the centromeric 153 
fiber length, suggesting that our fiber analysis is looking at single centromeres 154 
(Supplementary Fig. 2e).      155 

Initial attempts to observe chromatin fibers derived from the alphoidtetO HAC 156 
failed due to the loss of tetR binding during the procedure for stretching chromatin 157 
fibers. We overcame this problem by using purified tetR-EYFP fusion protein 158 
expressed in E. coli (Supplementary Fig. 2f) to stain the HAC in vitro after chromatin 159 
fiber stretching. In vitro staining with purified tetR-EYFP readily revealed the alphoidtetO 160 
HAC in interphase and metaphase cells (Supplementary Fig. 2g, h). In situ tetR-EYFP 161 
staining using a different cell line containing an alphoidtetO array integrated in a 162 
chromosome arm (HeLa 3-8_Int 39) confirmed the specificity of tetR-EYFP binding to 163 
tetO sequences (Supplementary Fig. 2i).  164 

In stretched mitotic chromatin fibers, RNAP II-S2ph and CENP-C co-localized 165 
on the alphoidtetO HAC (identified by tetR-EYFP binding) in 57% of the HAC fibers, 166 
consistent with the frequency of detection of RNAP II-S2ph signals in metaphase 167 
spreads (Figure 2e and Supplementary Fig. 2j).  168 

To test whether RNAP II-S2ph association with centromeres was affected by 169 
H3K4me2 removal, we repeated this analysis in 1C7 cells stably expressing tetR-170 
EYFP-LSD2WT. Tethering tetR-EYFP-LSD2WT to the alphoidtetO HAC for 2 days caused 171 
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a mild reduction in RNAP II-S2ph that became statistically significant 4 days after 172 
doxycycline washout (Figure 2f, g).  173 

We conclude that removal of H3K4me2 inhibits interphase and mitotic 174 
transcription at the alphoidtetO HAC centromere.   175 
 176 

H3K4me2 removal disrupts the kinetochore at the HAC 177 
Expression of tetR-EYFP-LSD2WT for two days caused a slight decrease in 178 

CENP-A levels at the alphoidtetO HAC centromere (Figure 3a, b). In control cells 179 
expressing tetR-EYFP, the CENP-A signal on the alphoidtetO HAC remained similar to 180 
that at endogenous centromeres (Figure 3a). The drop in CENP-A levels in cells 181 
expressing tetR-EYFP-LSD2WT became strongly significant after 4 days (Figure 3a, b). 182 
In another control, binding of tetR-EYFP-LSD2E412AK661A did not affect CENP-A levels 183 
on the alphoidtetO HAC (Figure 3a, d). Thus, long-term tetR tethering with catalytically 184 
dead LSD2 has no deleterious effect on the alphoidtetO HAC kinetochore structure.  185 

These observations of CENP-A were confirmed in parallel experiments staining 186 
for CENP-C. Expression of tetR-EYFP fusion protein had no effect on CENP-C levels 187 
at the alphoidtetO HAC centromere (Figure 3a). Tethering tetR-EYFP-LSD2WT caused 188 
CENP-C levels to drop slightly after 2 days, and dropped dramatically after 4 and 6 189 
days (Figure 3a,c). Control tethering of tetR-EYFP-LSD2E412AK661A for up to 10 days had 190 
no significant effect on CENP-C levels (Figure 3a, e).   191 

The loss of CENP-A after H3K4me2 removal from the alphoidtetO HAC 192 
centromere is due at least in part to defects in loading newly synthesized CENP-A. 193 
Levels of newly-synthesized CENP-A-SNAP 40 at the alphoidtetO HAC centromere were 194 
significantly decreased after tethering tetR-EYFP-LSD2WT relative to the tethering 195 
controls (Supplementary Fig. 3b, c) in pulse-chase experiments (Supplementary Fig. 196 
3a). Expression of tetR-EYFP or tetR-EYFP-LSD2E412AK661A did not affect CENP-A 197 
loading (Supplementary Fig. 3b, c). These data confirm our previous observation 16, 198 
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and suggest that H3K4me2 is required for loading newly synthesized CENP-A 199 
molecules at centromeres. 200 

Analysis of the mitotic segregation of the alphoidtetO HAC after tethering tetR-201 
EYFP-LSD2WT for up to 10 days confirmed that the decreased levels of CENP-A and 202 
CENP-C impair kinetochore function. We assessed HAC segregation during mitotic exit 203 
by tracking the EYFP signal on the alphoidtetO array (Figure 4a). The unperturbed 204 
alphoidtetO HAC segregates accurately for up to 10 days after removal of blasticidin 205 
selection (Figure 4d). 206 

Tethering of tetR-EYFP-LSD2WT causes a progressive increase in the frequency 207 
of alphoidtetO HAC segregation abnormalities over time (Figure 4b,c). Interestingly, 208 
although CENP-A and CENP-C levels fell significantly after 4 days of tethering, the 209 
frequency of alphoidtetO HAC segregation errors became significant only at 8 days 210 
(Figure 4b,c). This is consistent with reports that centromeres contain more CENP-A 211 
than is required for kinetochore assembly 41,42.  212 

We conclude that H3K4me2 is necessary for kinetochore assembly and 213 
function, probably due to its role in promoting centromeric transcription.  214 
 215 

Histone H4ac fails to maintain kinetochore without H3K4me2 216 
Histone marks characteristic of “open” chromatin states, including acetylation, 217 

are consistent with kinetochore function 31 and can increase the efficiency of de novo 218 
kinetochore formation 39. To test the hypothesis that kinetochore defects caused by 219 
H3K4me2 removal could be prevented by acetylating the chromatin of the alphoidtetO 220 
HAC centromere, we developed an “in situ epistasis” protocol in which we targeted two 221 
competing activities to the same alphoidtetO DNA array. In a control for this approach, 222 
we found that simultaneous targeting of tetR-EYFP-LSD2WT and the CENP-A 223 
chaperone tetR-mCherry-HJURP to the same alphoidtetO DNA array rescued CENP-A 224 
targeting, while H3K4me2 levels remained low (Supplementary Fig. 4). 225 
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To determine whether H3K4me2 is epistatic over H4 acetylation for kinetochore 226 
stability, we simultaneously targeted tetR-EYFP-LSD2WT and tetR-mCherry-CENP-227 
28/Eaf6 to the HAC centromere. CENP-28 is a component of the HBO1 and 228 
MOZ/MORF histone acetyltransferase (HAT) complexes 43 and is required for efficient 229 
H4K12 acetylation on isolated mitotic chromosomes (I. Samejima and WCE, 230 
unpublished).  231 

Transient expression of tetR-mCherry-CENP-28/Eaf6 in 1C7 cells for 24 hours 232 
significantly increased H4K12ac levels on the alphoidtetO HAC compared with controls 233 
(Supplementary Fig. 5a, b). No changes were observed in the levels of H3K9 234 
acetylation in these experiments (Supplementary Fig. 5d, e). Thus, tethering CENP-235 
28/Eaf6 to the alphoidtetO HAC selectively results in acetylation of histone H4K12. 236 

Co-tethering tetR-EYFP plus tetR-mCherry-CENP-28/Eaf6 increased CENP-A 237 
levels at the alphoidtetO HAC centromere (Figure 5e, f), consistent with previous 238 
observations that “open” chromatin favors CENP-A assembly 39 . This confirms that 239 
tetR-mCherry-CENP-28/Eaf6 is not detrimental to CENP-A assembly or maintenance. 240 
Levels of CENP-C at the alphoidtetO HAC centromere were unaffected by this tethering 241 
(Supplementary Fig. 5f, g). 242 

Co-expression of tetR-EYFP-LSD2WT plus tetR-mCherry-CENP-28/Eaf6 in 1C7 243 
cells for 2 and 4 days significantly increased H4K12ac levels on the alphoidtetO HAC 244 
(Figure 5a, b), despite H3K4me2 levels remaining low (Figure 5a, c). Centromeric 245 
transcripts were significantly increased compared with levels observed after tethering 246 
the tetR-mCherry control (Figure 5d; Supplementary Table 1). Thus, CENP-28/Eaf6 247 
induces centromeric transcription even in the absence of H3K4me2. Measurement of 248 
EYFP and mCherry signals on the same alphoidtetO HAC confirmed the equal binding of 249 
the chimeric proteins, tetR-EYFP and tetR-mCherry (Figure 5a, Supplementary Fig. 250 
5c).  251 

Despite this rescue of centromeric transcription, we observed a highly 252 
significant drop in CENP-A and CENP-C levels on the alphoidtetO HAC centromere at 2 253 
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and 4 days after transfection of tetR-EYFP-LSD2WT plus tetR-mCherry-CENP-28/Eaf6 254 
compared with control experiments (Figure 5e, f; Supplementary Fig. 5f, g). 255 

Thus, it is possible to target two modifiers to the same alphoid-DNA array and 256 
to observe their combinatorial effects. Furthermore, the loss of H3K4me2 from 257 
centromeric chromatin is epistatic over CENP-28/Eaf6-induced transcription and 258 
cannot simply be compensated by increasing centromere transcription or by acetylation 259 
of H4K12.  260 
 261 

Histone H3ac bypasses H3K4me2 requirement at kinetochore   262 
Centromeric transcription during mitosis is necessary for kinetochore assembly 263 

and function 36 centromeric transcripts are essential for maintaining a functional 264 
kinetochore 26,38,44-47. Here we have shown that transcriptional activation coupled with 265 
histone H4 acetylation is not sufficient to maintain a functional kinetochore in the 266 
absence of H3K4me2. Thus, in addition to the process of transcription and/or the 267 
transcripts themselves, transcription-associated modifications of histone H3 might be 268 
essential for kinetochore maintenance. To test this hypothesis, we asked whether a 269 
transcriptional activator that increases H3K9 acetylation could stabilize the alphoidtetO 270 
HAC kinetochore after H3K4me2 removal. 271 

TetR-EYFP-p65 (C-terminal transactivator domain) increases H3K9ac and 272 
centromeric transcription levels on the alphoidtetO HAC 10-fold without affecting 273 
kinetochore stability 31. We therefore co-expressed tetR-EYFP-LSD2WT with either tetR-274 
SNAP or tetR-SNAP-p65 (fusions with mCherry were not functional) in 1C7 cells for 2 275 
days and quantitated centromeric transcript levels on the alphoidtetO HAC by RT-PCR. 276 
Tethering tetR-SNAP-p65 plus tetR-EYFP-LSD2WT increased HAC centromeric 277 
transcript levels 2-fold relative to controls tethering tetR-EYFP-LSD2WT plus tetR-SNAP 278 
(Figure 6a, Supplementary Table 1). Thus, p65 stimulates transcription of the HAC 279 
centromere even without H3K4me2, albeit less strongly than when H3K4me2 is 280 
present 31.  281 
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These experiments were performed with exponentially growing cultures 282 
(predominantly interphase), but it has recently been reported that centromeric 283 
transcription is differentially regulated during mitosis 38. Analysis of centromeric 284 
transcript levels on the alphoidtetO HAC in cells in the presence of colcemid confirmed 285 
that the HAC centromere is indeed transcribed during mitosis (Figure 6b; 286 
Supplementary Table 2). Importantly, the transcripts behave similarly in mitotic and 287 
unsynchronized cultures (Figure 6b, Supplementary Table 2). 288 

H3K9ac levels were significantly increased on alphoidtetO HAC centromeres in 289 
cells expressing tetR-SNAP-p65 (Supplementary Fig. 6b, c) consistent with changes in 290 
levels of centromeric transcripts (Figure 6a, b). In contrast, H4K12ac levels were 291 
unchanged (Supplementary Fig. 6f, g). p65 tethering also significantly increased 292 
centromeric CENP-A, but not CENP-C, levels on the HAC (Figure 6c-e). In controls, 293 
tetR-EYFP-LSD2WT reduced H3K4me2 levels even in the presence of tetR-SNAP-p65 294 
(Supplementary Fig. 6d, e) and tetR-SNAP (Figure 6c-e). Furthermore, equal levels of 295 
both enzymes bound to the alphoidtetO HAC (Supplementary Fig. 6a). 296 

Co-expression of tetR-SNAP-p65 plus tetR-EYFP-LSD2WT for 2 and 4 days, 297 
rescued both CENP-A and CENP-C levels despite the loss of H3K4me2 (Figure 6c-e). 298 
We conclude that p65-induced transcription bypasses the requirement for H3K4me2 in 299 
kinetochore assembly, possibly because it induces both transcription and 300 
hyperacetylation of H3K9. 301 

 302 
H3K4me2 and H3K9ac link H3.3 turnover with CENP-A loading 303 
We have shown that transcription linked with elevated H3K9ac is sufficient to 304 

maintain kinetochore function in the absence of H3K4me2 but that that transcription 305 
linked with elevated H4K12ac is not. We hypothesized that these differing acetylation 306 
states might alter histone H3 dynamics at the alphoidtetO HAC centromere.  307 

We focused on histone H3.3, because its deposition is replication-independent 308 
and it was reported to be deposited at centromeres in S-phase as a placeholder for 309 
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loading new CENP-A 48. Indeed, we observed significantly increased levels of CLIP-310 
H3.3 relative to controls on the HAC after tethering tetR-EYFP-LSD2WT plus tetR-311 
mCherry for 48 hours (Figure 7a, b). The most likely explanation for this result is that in 312 
the absence of H3K4me2, CENP-A incorporation is decreased and H3.3 placeholders 313 
remain.  314 

Remarkably, transcription induced by p65 rescued the H3.3/CENP-A balance at 315 
centromeres in the absence of H3K4me2, whereas transcription of the same 316 
sequences induced by CENP-28/Eaf6 did not. Indeed, when tetR-EYFP-LSD2WT was 317 
co-expressed with tetR-mCherry-CENP-28/Eaf6, CLIP-H3.3 levels were even higher 318 
than those observed with tetR-EYFP-LSD2WT alone (Figure 7a, b). In contrast, after 319 
tethering of tetR-EYFP-LSD2WT plus tetR-SNAP-p65, CLIP-H3.3 returned to control 320 
levels on the alphoidtetO HAC centromere (Figure 7a, b).  321 

We performed pulse-chase experiments expressing Halo-tagged CENP-A to 322 
distinguish whether the increased levels of histone H3.3 on the alphoidtetO HAC 323 
centromere after H3K4me2 removal reflected a failure in CENP-A assembly or stability 324 
in centrochromatin. Halo-CENP-A loading was analyzed using the protocol established 325 
for cells expressing CENP-A-SNAP (Supplementary Fig. 3a). The assay measuring 326 
Halo-CENP-A- stability is described in Methods.  327 

Consistent with previous results, both the incorporation and stability of Halo-328 
CENP-A on the alphoidtetO HAC centromere were significantly decreased after tethering 329 
tetR-EYFP-LSD2WT plus tetR-mCherry but were rescued when tetR-EYFP-LSD2WT was 330 
co-expressed together with tetR-SNAP-p65 (Figure 7c-e). 331 

A more complex picture emerged after expressing tetR-EYFP-LSD2WT plus 332 
tetR-mCherry-CENP-28/Eaf6. This combination failed to rescue the incorporation of 333 
newly synthesized Halo-CENP-A (Figure 7c, d). However, Halo-CENP-A stability was 334 
partly rescued – levels of Halo-CENP-A were no longer significantly different from 335 
control levels (Figure 7c, e). 336 
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Since both tetR-SNAP-p65 and tetR-mCherry-CENP-28/Eaf6 cause a similar 337 
increase in HAC centromere transcription, these results suggest that centromere 338 
transcription on its own is not sufficient to support CENP-A incorporation in the 339 
absence of H3K4me2. Alternatively, it could be suggested that tetR-mCherry-CENP-340 
28/Eaf6 somehow actively destabilizes the centromere – perhaps by raising the level of 341 
centromeric transcription too high. Although this is unlikely, since tethering tetR-342 
mCherry-CENP-28/Eaf6 on its own causes a significant increase in CENP-A levels 343 
(Figure 5f), we tested this hypothesis by performing a three-way in situ epistasis 344 
experiment. Such three-way tethering is possible - the three fluorescent signals for 345 
EYFP, mCherry and 647-Sir could be observed on the same HAC (Figure 8a). 346 

CENP-A levels on the HAC centromere were fully restored when tetR-EYFP-347 
LSD2WT plus tetR-mCherry-CENP-28/Eaf6 were co-expressed together with tetR-348 
SNAP-p65 for two days, but not after three-way tethering of tetR-EYFP-LSD2WT plus 349 
tetR-mCherry-CENP-28/Eaf6 plus tetR-SNAP (Figure 8a, b). These results strongly 350 
argue that the failure of tetR-mCherry-CENP-28/Eaf6 to rescue CENP-A incorporation 351 
is not due to a deleterious effect of the chimeric tetR-mCherry-CENP-28/Eaf6. 352 

Since both tetR-mCherry-CENP-28/Eaf6 and tetR-SNAP-p65 rescue 353 
transcription of the centromere following loss of H3K4me2, but only tetR-SNAP-p65 354 
fully rescues the assembly of new CENP-A at centromeres, the most likely explanation 355 
is that transcription associated with H3K9ac is required for centromere maintenance (at 356 
least in the absence of H3K4me2). However, it is also possible that other chromatin 357 
marks also contribute, since tetR-SNAP-p65, but not tetR-mCherry-CENP-28/Eaf6, 358 
rescues H3K36me2 levels, which are also decreased after H3K4me2 removal 359 
(Supplementary Fig. 7).   360 

These results suggest that H3K4me2 and H3K9ac plus either transcription or 361 
possibly the centromeric transcripts themselves are important for the correct turnover 362 
of H3.3/CENP-A molecules and proper CENP-A loading.  363 

 364 
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H3K4me2 prevents H3K9me3 spreading into centrochromatin 365 
Given the correlation between H3K9 acetylation and centromere stability, we 366 

next asked whether H3K4me2 stabilizes the centromere by preventing heterochromatin 367 
spreading into centrochromatin. Normally, the CENP-A domain of endogenous 368 
chromosomes lacks detectable H3K9me3. Indeed, in the presence of doxycycline the 369 
CENP-A domain of the HAC in stable cell lines expressing tetR-EYFP-LSD2WT lacked 370 
H3K9me3 staining, and comprised 27% of the total HAC area (Figure 8c, d). In 371 
contrast, after doxycycline washout and tethering tetR-EYFP-LSD2WT to the HAC for 4 372 
days (a time point when kinetochore defects appear), H3K9me3 occupied an increased 373 
area of the HAC compared with controls (91% vs 73%; Figure 8c, d). Furthermore, 374 
H3K9me3 began to spread into the area occupied by CENP-A.  375 

This incursion of H3K9me3 into the centromere was rescued in cells 376 
simultaneously expressing tetR-EYFP-LSD2WT plus tetR-SNAP-p65. In those cells, the 377 
area on the HAC occupied by H3K9me3 was even less than in controls and left the 378 
CENP-A domain devoid of H3K9me3 (65% vs 73%; Figure 8c, d). In contrast, 379 
expression of tetR-EYFP-LSD2WT plus tetR-mCherry-CENP-28/Eaf6 failed to prevent 380 
heterochromatin spreading into the kinetochore domain, as evidenced by the area 381 
occupied by H3K9me3 (86% vs 73% in the control; Figure 8c, d).  382 

Together, these results suggest that H3K4me2 plus transcription associated 383 
with H3K9ac antagonize heterochromatin spreading into centrochromatin.  384 
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DISCUSSION 385 
Centromeres were long assumed to be composed of heterochromatin. 386 

However, a landmark study by Sullivan and Karpen showed that centromeric 387 
chromatin is characterized by the presence of CENP-A plus H3 dimethylated on 388 
lysine 4 (H3K4me2) 14, a mark associated with RNAP II transcription. Subsequently, 389 
we showed that heterochromatin actually inactivates kinetochores 27 and identified 390 
H3K36me2, a second transcription-linked mark, at centromeres 16. Here we used a 391 
synthetic HAC 27 to examine the functional interplay between centromeric 392 
transcription, H3K4me2 and acetylation of histones H3 and H4 in centrochromatin 393 
maintenance. Our results suggest that centromeric transcription promoted by 394 
H3K4me2 is associated with H3K9 acetylation, and that this prevents spreading of 395 
H3K9me3 into the centromere. 396 

Recent results have revealed that centromeres undergo low levels of RNAP 397 
II-mediated transcription during mitosis 36,38. We confirmed these results for the HAC 398 
and further showed that H3K4me2 depletion affects levels of both centromeric mitotic 399 
transcripts and centromere-associated RNAP II (Figure 9a). Many transcription 400 
factors appear to read the H3K4 methylation mark: in one analysis, over 90% of 401 
transcription factor binding sites were found to map within regions of increased H3K4 402 
methylation 49. Specifically, Sgf29 binding to H3K4me2/3 has been reported to recruit 403 
the SAGA complex and promote histone H3 acetylation 50. At centromeres this 404 
acetylation could be linked with licensing for new CENP-A assembly, as seen when 405 
p300 and PCAF acetyltransferase domains were targeted to the alphoidtetO array 39. 406 
In addition, the chromatin remodeller CHD1 also binds H3K4me2 51 and this could 407 
promote RNAP II activity associated with H3 acetylation at centromeres during 408 
mitosis.  Indeed, CHD1 depletion has been shown to decrease CENP-A 409 
incorporation and disrupt centromere function 52.  410 

Centromeric transcription defects resulted in a progressive loss of CENP-A 411 
(Figure 9b). These changes in CENP-A levels, although being statistically significant, 412 
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were moderate. CENP-A is extremely stable at centromeres 53, thus making it hard to 413 
observe large effects. Our detailed proteomic analysis of isolated mitotic 414 
chromosomes showed only moderate differences in CENP-A levels even when 415 
critical assembly factors such as HJURP or Mis18α were depleted for several days 416 
54. Kinetochores depleted of H3K4me2 remained functional for several days until 417 
CENP-A levels fell by > 50%. This is consistent with reports that human centromeres 418 
contain a 2.5-fold excess of CENP-A 42 and supports an emerging view that loss of 419 
centromeric transcription disrupts kinetochore assembly and leads to chromosome 420 
missegregation 26,45,46,55. Importantly, decreased levels of CENP-A were always 421 
accompanied by decreased levels of CENP-C in independent experiments. 422 

The linking of centromere stability to multiple chromatin marks and to the 423 
process of transcription (or to the transcripts themselves) reveals a complex system 424 
for centromere maintenance. Epigenetic marks may maintain centrochromatin 425 
stability by recruiting factors such as RSF 56 and/or MgcRacGAP 57. In other 426 
experiments, our laboratories recently found that the chromatin remodelling factor 427 
RSF, recruited by acetylation of histone H3, can promote CENP-A incorporation at 428 
an ectopic site 58. 429 

Given this complexity, it is a significant challenge to establish functional 430 
relationships between the multiple factors and processes involved in kinetochore 431 
maintenance. Here, we approached this problem by establishing novel “in situ 432 
epistasis” assays in which two or three competing activities were targeted to the 433 
same centromere, and the functional outcome determined. These assays allowed us 434 
to uncouple transcription from histone modifications present at the alphoidtetO HAC 435 
centromere. All assays used LSD2 to lower H3K4me2 levels, coupled with activities 436 
that promote transcription associated with H4K12ac or with H3K9ac. Importantly, 437 
controls showed that individual synthetic modules all functioned as expected when 438 
targeted in combinations to the tetO array on the HAC. This approach increases the 439 
versatility of the tetO array approach to the analysis of chromatin states. 440 
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Previous studies suggested that H4K12ac might confer heterochromatin 441 
plasticity required for DNA repair and replication at pericentromeric and telomeric 442 
regions 60,61. H3K14ac has also been reported to recruit RSF1 to centromeres 58 and 443 
RSF has been reported to stabilise CENP-A incorporation in centrochromatin 56. We 444 
found that tethering of CENP-28/Eaf6, which promotes HBO1 and MOZ/MORF-445 
dependent acetylation of H4K12, resulted in increased transcription of the HAC 446 
centromere. This was associated with increased CENP-A incorporation at 447 
unperturbed centromeres containing H3K4me2, indicating that the levels of 448 
transcription induced by tethering CENP-28/Eaf6 are not incompatible with 449 
kinetochore maintenance. Importantly, this CENP-28/Eaf6-induced centromeric 450 
transcription failed to bypass the requirement for H3K4me2 in kinetochore 451 
maintenance (Figure 9c). Thus, mitotic transcription alone is not the ultimate 452 
epigenetic signal that recruits CENP-A. 453 

In contrast, p65-induced transcription, which was associated with acetylation 454 
of H3K9 but not H4K12, did bypass the requirement for H3K4me2 in kinetochore 455 
maintenance (Figure 9d). This suggested that the balance of transcription-associated 456 
histone modifications might create an environment permissible for kinetochore 457 
maintenance. Indeed, tethering of p65 also restored H3K36me2 levels in the 458 
absence of H3K4me2. 459 

CENP-A chromatin propagation is a multistep complex pathway involving 460 
chromatin licensing, loading of new CENP-A molecules and CENP-A stabilization at 461 
centromeres 62. Our pulse-chase experiments expressing Halo-CENP-A in in situ 462 
epistasis assays allowed us to demonstrate that loss of H3K4me2 affected the 463 
loading and stability of CENP-A, and both could be rescued by p65-induced 464 
transcription. Importantly, while CENP28/Eaf6-induced transcription failed to restore 465 
CENP-A loading on the HAC, it was able to stabilize CENP-A nucleosomes. Indeed, 466 
other authors showed that centromeric ncRNAs bind chromatin containing CENP-A 467 
26,46 and CENP-C 63,64. It is possible that both the process of transcription and the 468 
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centromeric transcripts themselves might be necessary for the regulation of 469 
chromatin remodelling, CENP-A assembly and centrochromatin maintenance.  470 

Loss of H3K4me2 appeared to decrease the rate of histone H3.3 replacement 471 
by newly synthesized CENP-A molecules. Strikingly, the decreased rates of H3 472 
replacement observed in the absence of H3K4me2 or H3K9ac were coupled with an 473 
increased level of H3K9me3 in the alphoidtetO HAC. Transcription stimulated by p65 474 
restored the normal levels of H3.3 replacement, and also the normal distribution of 475 
H3K9me3 on the HAC, decreasing H3K9me3 specifically on the kinetochore. This is 476 
consistent with H3K9ac acting as a barrier for heterochromatin spreading into 477 
centrochromatin.  478 

The simplest interpretation of our results is that H3K4me2 facilitates 479 
transcription of centrochromatin that is linked to histone H3 acetylation (Figure 9). 480 
Transcription of the alphoidtetO array linked to acetylation of H4K12 is not sufficient to 481 
rescue CENP-A dynamics. This suggests that H3 acetylation either on its own or in 482 
combination with other factors, has at least one critical function in CENP-A assembly 483 
and centrochromatin maintenance. It may be part of a chromatin-targeting motif for 484 
the Mis18 complex to recruit HJURP and promote CENP-A insertion (thus 485 
maintaining the H3.3/CENP-A ratio). Alternatively, it may directly antagonise 486 
heterochromatin spreading, since H3K9ac can block the formation of H3K9me3. 487 

In conclusion, our results suggest that a balance of mitotic transcription 488 
(including a possible role for the transcripts themselves), epigenetic modifications 489 
and chromatin remodelling in centrochromatin act as a barrier to prevent 490 
heterochromatin spreading and kinetochore inactivation in human centromeres. 491 

 492 
 493 
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METHODS 494 
 495 
Expression constructs, detailed description of ChIP protocols and analysis are 496 
provided in Supplementary data.  497 
 498 
Cell culture and transfection 499 

1C7 cells, a fusion of an HT1080-derivative cell line (ATCC CCL121) carrying 500 
the alphoidtetO HAC (AB2.2.18.21) and HeLa cells (ATCC CCL-2) 30 were maintained 501 
in DMEM medium supplemented with 5% FBS (Invitrogen) and 100 U per ml 502 
penicillin G and 100 μg per ml streptomycin sulfate (Invitrogen). Blasticidin S 503 
(Invitrogen) was added to a final concentration of 4 μg/ml to maintain the alphoidtetO 504 
HAC. Cells were grown at 37°C in 5% CO2 in a humidified atmosphere.  505 

Transfections were performed using Xtremegene-9 (Roche) following 506 
manufacturer’s instructions. In brief, for transfections of cells growing in 12-well 507 
plates, transfection complexes containing 3 μl Xtremegene-9 reagent and 1 μg 508 
plasmid DNA were prepared in 100 μl OptiMEM (Invitrogen). After 20 minutes of 509 
incubation at room temperature, 50 μl of transfection complexes were added drop-510 
wise in each well. For transient expression experiments, transfectant cells were 511 
selected by incubating cells with 2 μg per ml of Puromycin (Sigma) for 24 hours.  512 

To generate 1C7 stable cell lines expressing tetR-EYFP-LSD2WT and tetR-513 
EYFP-LSD2E412AK661A, cells were transfected with the tYIP-LSD2WT and tYIP-514 
LSD2E412AK661A constructs. Transfected cells were selected adding 2 μg per ml of 515 
Puromycin (Sigma), 4 μg per ml Blasticidin S and 1 μg per ml doxycycline (Sigma). 516 
Clonal cell lines were isolated by limiting dilution in 96-well plates and grown in the 517 
same selective media. Nuclear localization and targeting to the alphoidtetO HAC was 518 
confirmed by fluorescence microscopy. Doxycycline washout time course 519 
experiments were started with a subconfluent 1C7 culture stably expressing either 520 
tYIP-LSD2WT or tYIP-LSD2E412AK661A constructs and grown in the presence of the 521 
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above drugs. Cells were washed three times with warm D-PBS (invitrogen), followed 522 
by incubation in drug-free DMEM for 30 minutes at 37°C. Next, cells were washed 523 
three times with D-PBS before drug-free DMEM was added allowing tetR-fusion 524 
protein binding to the alphoidtetO array.  525 
 526 
Immunostaining and cytological analysis 527 

Indirect immunofluorescence staining of cells fixed in 2.6% 528 
Formaldehide/1xPBS was performed following standard procedures. The following 529 
antibodies were used: rabbit anti-H3K4me2 (Millipore 07-030; 1/200), mouse anti-530 
CENP-A (AN1; 1/500), rabbit anti-CENP-C (R554; 1/500), mouse anti-RNAP II 531 
(phospho S2; 1/1000) [H5] (abcam), mouse anti-H4K12ac (50B3/CMA412; 1/200), 532 
rabbit anti-H3K9ac (R607; 1/200), rabbit anti-H3K9me3 (abcam 8898; 1/500). 533 
Fluorophore-conjugated secondary antibodies were purchased from Jackson Labs. 534 
Marina Blue goat anti-rabbit secondary antibody (M-10992) was purchased from Life 535 
technologies and Alexa-405 donkey anti-mouse secondary antibody was purchased 536 
from abcam (ab175658).  537 

The tetR-SNAP fusion proteins were detected by incubating the cells with 538 
either TMR-Star or SNAP-Cell Sir-647 (NEB) 30 minutes before fixation. CLIP-H3.3 539 
was detected with benzylcytosine (BC) labeled with Alexa-647 after fixation (NEB).  540 

Preparation and staining of unfixed metaphase chromosomes was performed 541 
as previously described 16. In brief, cells were arrested in metaphase with 150 ng per 542 
ml colcemid (KaryoMax, Gibco) for 3 h, and mitotic cells were collected by shake-off. 543 
Cells were subject to hypotonic treatment; cytospun on poly-lysine glass slides and 544 
incubated in KCM buffer (10 mM Tris pH 8.0; 120 mM KCl; 20 mM NaCl; 0.5 mM 545 
EDTA; 0.1% Triton X-100) for 10 min prior to labelling with antibodies in KCM buffer. 546 
After staining, samples were fixed in 4% Formaldehide/KCM and mounted with 547 
Vectashield containing DAPI (Vector Labs).  548 
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Preparation of stretched mitotic chromatin fibers was performed as previously 549 
described 46. In brief, cells were arrested in metaphase with 150 ng per ml colcemid 550 
(KaryoMax, Gibco) for 3 h, and mitotic cells were collected by shake-off. After 551 
incubation on hypotonic buffer and cytospun samples 10 min at 35g on poly-lysine 552 
slides, cells were incubated in lysis buffer (2.5mM Tris-HCl pH=7.5; 0.5M NaCl; 553 
1%Triton X-100; 0.4M Urea) for 20 min at RT. Samples were subsequently fixed in 554 
4% Formaldehide/1xPBS solution and indirect IF was performed following standard 555 
procedures. Bacterially purified tetR-EYFP fusion protein was incubated after the 556 
secondary antibodies diluted in a solution of 1%BSA/1xPBS at RT.   557 
 558 
Image acquisition and fluorescence signal quantification 559 

Microscope images were acquired on a DeltaVysion Core system (Applied 560 
Precision) using an inverted Olympus IX-71 stand, with an Olympus UPlanSApo 561 
x100 oil immersion objective (numerical aperture (NA) 1.4) and a 250W Xenon light 562 
source. Camera (Photometrics Cool Snap HQ), shutter and stage were controlled 563 
through SoftWorx (Applied Precision). Z-series were collected with a spacing of 0.2 564 
μm, and image stacks were subsequently deconvolved in SoftWorx.   565 

Immunofluorescence signals in deconvolved images were analysed in 566 
ImageJ software (National Institutes of Health, Bethesda, MD). For CENP-A and 567 
CENP-C signal quantification, a custom-made macro in ImageJ modified from Bodor 568 
et al. 42, was used. In brief, the CENP-A or CENP-C signal (Texas Red or Alexa647) 569 
at the HAC-associated EYFP signal was determined for every z-section within a 7 570 
square pixel box. The mean signal intensity in the HAC section was obtained and the 571 
minimum intensity within the section was used for background subtraction. Average 572 
intensity of signals in endogenous centromeres was used as normalizer. For 573 
epigenetic marks signal quantification and CLIP-H3.3, an area determined by the 574 
HAC-associated EYFP signal was selected for quantification. Average signal for the 575 
epigenetic mark on the HAC area was determined and normalized for the average 576 
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signal of the mark contained in HAC-flanking areas of the same size (endogenous 577 
levels). Background was subtracted for both HAC-associated signals and HAC-578 
flanking signals.    579 
 580 
Pulse-chase experiments with SNAP and Halo-tagged CENP-A 581 

Cells were co-transfected as described above with the relevant tetR-EYFP 582 
constructs and either pCENP-A-SNAP-IP or Halo-CENP-A constructs. 16 hours after 583 
transfection, existing CENP-A-SNAP was blocked with BG (New England Biolabs) 584 
following manufacturer’s instructions. Existing Halo-CENP-A was rendered non-585 
fluorescent with Biotin conjugated Halo-Ligand (Promega). Newly synthesized 586 
CENP-A-SNAP or Halo-CENP-A were labelled after a chasing time of 7 hours and 30 587 
minutes using TMR-Star substrate (NEB) or Coumarin conjugated Halo-ligand 588 
(Promega) respectively for 20 minutes following manufacturer’s instructions. 589 
Following the washes of unbound substrate, cells were fixed in 2.6% 590 
formaldehyde/1xPBS, counterstained with Hoechst (SNAP experiments) and 591 
mounted with Vectashield (Vector Labs).  592 

To analyse the stability of Halo-CENP-A molecules at centromeres, a pulse of 593 
30 minutes with Coumarin conjugated Halo-Ligand was performed 16 hours after 594 
transfection. Following the washes of unbound substrate, cells were incubated for 24 595 
hours, fixed in 2.6% formaldehyde/1xPBS and mounted with Vectashield without 596 
DAPI (Vector Labs).   597 

Microscope images were acquired on a DeltaVysion Core system and the 598 
quantification of HAC-associated TMR-Star, Sir-Alexa647 or Coumarin Halo-ligand 599 
signals was done using ImageJ software as described before.   600 
 601 
Chromatin immunoprecipitation (ChIP) experiments 602 
 Cell lysates were crosslinked in 1% formaldehyde and ChIP experiments 603 
were performed using a protocol described in detail in the Supplementary Methods 604 
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section. The following monoclonal antibodies were used: anti-H3K4me2 (003), anti-605 
H3K9ac (005), H3K36me2 (2C3) 65. Oligonucleotide primer pairs for RT-PCR are 606 
described below.     607 
 608 
Real-time RT-PCR analysis 609 
 Total RNA was extracted using TRIzol reagent (Invitrogen) according to 610 
manufacturer’s instructions. In brief, 2 μg of RNA were converted to cDNA using 611 
SuperScriptTM III Reverse Transcriptase (Invitrogene) following manufacturer’s 612 
instructions with OligodT primers (Sigma). Real-time PCR analysis of cDNA 613 
equivalent to ≈40 ng (alphoidtetO, alphoidchr21) or ≈0.4 ng (Bsr, β-actin) input RNA was 614 
subsequently performed using a SYBR Green Mastermix (Roche) on a 615 
LightCycler480 system (Roche) and the following oligonucleotides: tetO-Fw (5’-616 
CCACTCCCTATCAGTGATAGAGAA-3’) and either tetO-Rv (5’-617 
TCGACTTCTGTTTAGTTCTGTGCG-3’) for the ChIP experiments or tetO-Rv2 (5’-618 
GTTAAACTCAGTCGTCACCAAGAG-3’) for RNA experiments to detect the 619 
alphoidtetO array, Chr21-Fw (5’-GTCTACCTTTTATTTGAATTCCCG-3’) and Chr21-Rv 620 
(5’-AGGGAATGTCTTCCCATAAAAACT-3’) for the alphoidchr21 array, bsr-Fw (5’-621 
CAGGAGAAATCATTTCGGCAGTAC-3’) and bsr-Rv (5’-622 
TCCATTCGAAACTGCACTACCA-3’) for the blasticidin resistance gene, sat2-Fw (5’-623 
TCGCATAGAATCGAATGGAA-3’) and sat2-Rv (5’-GCATTCGAGTCCGTGGA-3’) for 624 
the pericentromeric alphoidchr 1, act-Fw (5’-GCCGGGACCTGACTGACTAC-3’) and 625 
act-Rv (5’-AGGCTGGAAGAGTGCCTCAG-3’) for actin. For every oligonucleotide 626 
primer pair and every plate, a standard curve was created from genomic DNA 627 
derived from the 1C7 cell line. Background values (no reverse transcriptase) were 628 
subtracted, and all values were normalized to β-actin expression. The transcript 629 
levels were expressed relative to the +Dox values of the alphoidtetO HAC, which was 630 
arbitrarily set to 100.  631 
 632 
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Data availability 633 
The data that support the findings of this work are available from the corresponding 634 
author upon request. 635 
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FIGURE LEGENDS 879 
Figure 1. Tethering LSD2 to the alphoidtetO HAC decreases the H3K4m2 levels. 880 
(a) Schematic drawings of the tetR fusion constructs. (b) Schematic of the alphoidtetO 881 
DNA array, derived from Nakano et al., (2008). (c) IF images of 1C7 cells expressing 882 
the indicated tetR fusion proteins and staining for H3K4me2. Arrowheads depict the 883 
HAC as determined by the EYFP signal. Scale bar: 10 μm. (d) Quantification of 884 
fluorescence signals of HAC-associated H3K4me2 staining in individual cells 885 
transfected as in C plotted as arbitrary fluorescence units (A.F.U). Solid bars indicate 886 
the medians of three independent experiments and error bars represent the standard 887 
error of the mean (s.e.m). (e) ChIP analysis in 1C7 cells expressing tetR-888 
EYFPLSD2WT (top) or tetR-EYFP-LSD2E412AK661A (Bottom) using the indicated 889 
antibodies. Data represents the levels of the indicated epigenetic marks in the 890 
presence of dox (grey bars) and after 3 days of dox washout (white bars). The 891 
alphoidtetO HAC centromere (tetO), endogenous chromosome 21 centromere (chr21), 892 
the blasticidin resistance gene (bsr) and the degenerate satellite type-II (Sat2) 893 
repeats were assessed. Values were normalised to the chromosome 21 centromere 894 
and data represent the mean and s.d. of three independent experiments. Asterisks 895 
indicate a significant difference (p<0.05; Mann-Whitney test).    896 
 897 
Figure 2. Tethering LSD2 to the alphoidtetO HAC affects centromeric 898 
transcription.  RT-PCR analysis of the centromeric transcripts in 1C7 cells 899 
expressing tetR-EYFP-LSD2WT (a) or tetR-EYFP-LSD2E412AK661A (b) in the presence 900 
of doxycycline (grey bars) and after 2 days of doxycycline washout (white bars). tetO 901 
(alphoidtetO array), chr21 (centromere of chromosome 21) and bsr (Blasticidine 902 
resistance gene). Data represents the mean and s.e.m of three independent 903 
experiments. (c) Schematic diagram representing the states of RNAP II during 904 
transcription. (d) IF analysis of unfixed 1C7 metaphase chromosomes stained with 905 
RNAP II-S2ph. DNA was counterstained with DAPI. (e) Analysis of RNAP II-S2ph 906 
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with CENP-C on the HAC on stretched chromatin fibers. The HAC was detected with 907 
tetR-EYFP and DNA was counterstained with DAPI. Images show co-localization of 908 
RNAP II-S2ph and CENP-C on the HAC (left) and a fiber without RNAP II-S2ph 909 
signal (right). Bottom panels show a pseudocolored model using the inverted data 910 
from individual raw images. Scale bars= 5 μm. (f) Representative IF images of 1C7 911 
metaphase spreads expressing tetR-EYFP-LSD2WT fusion protein in the presence of 912 
doxycycline (top) and after doxycycline washout at the indicated time points. 913 
Metaphase chromosomes were stained with DAPI, CENP-C and RNAP II-S2ph. 914 
Arrowheads depict the HAC. Scale bars= 10 μm. (g) Quantification of fluorescence 915 
signals of HAC kinetochore-associated RNAP II-S2ph staining in cells expressing 916 
tetR-EYFP-LSD2WT in the presence of doxycycline and after doxycycline washout at 917 
the indicated time points. Values of the HAC kinetochore-associated RNAP II-S2ph 918 
signal were normalised for the mean of the RNAP II-S2ph signals at endogenous 919 
kinetochores. Solid bars indicate the medians and error bars represent the standard 920 
error of the mean (s.e.m). Results of two independent experiments were plotted 921 
together. Asterisks indicate a significant difference (p<0.05; Mann-Whitney test).  922 
 923 
Figure 3. Tethering LSD2 to the alphoidtetO HAC centromere affects the 924 
kinetochore assembly. (a) IF analysis of 1C7 cells expressing the indicated tetR-925 
EYFP fusion proteins at the indicated time points and stained for either CENP-A (left) 926 
or CENP-C (right). Arrowheads depict the HAC. Scale bar: 10 μm. (b-e) 927 
Fluorescence signals of HAC-associated CENP-A (b and d) and CENP-C (c and e) 928 
staining in individual cells transfected with the indicated tetR fusion constructs were 929 
quantified and plotted as A.F.U. Solid bars indicate the medians and error bars 930 
represent the standard error of the mean (s.e.m). N= two independent experiments 931 
for each time point and staining. Asterisks indicate a significant difference (*p<0.05; 932 
**p<0.01; Mann-Whitney test).  933 
 934 
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Figure 4. LSD2 activity at the alphoidtetO HAC centromere affects kinetochore 935 
function and leads to chromosome segregation defects. (a) Representative IF 936 
images of mitotic 1C7 cells expressing the tetR-EYFP-LSD2WT fusion protein and 937 
stained for CENP-A. Images show examples of normal (top) and abnormal alphoidtetO 938 
HAC segregation (middle and bottom rows). Arrowheads depict the HAC. Scale bar: 939 
10 μm. (b) Analysis of the frequency of normal and abnormal alphoidtetO HAC 940 
segregation at the indicated time points. Data represent the mean (and s.e.m) of 941 
three independent assays of each time point after doxycycline washout (n=25 mitosis 942 
per time point and experiment; 0 days vs each time point, ** P<0.0001; Chi-square 943 
test). (c) Quantification of alphoidtetO HAC copy-numbers as determined by the EYFP 944 
spot in interphase nuclei. Data represent the mean (and s.e.m) of three independent 945 
assays of each time point after doxycycline washout (n=1000 nuclei per time point 946 
and experiment; 0 days vs each time point, ** P<0.0001; Chi-square test). (d) 947 
Analysis of the frequency of normal and abnormal alphoidtetO HAC segregation in the 948 
presence and absence of selection (Blasticidin) at the indicated time points and in 949 
the presence of doxycyclin. The alphoidtetO HAC was identified by in situ tetR-EYFP 950 
tethering (see Figure S2). Data represent the mean (and s.e.m) of three independent 951 
assays. 952 
  953 
Figure 5. Tethering a transcriptional activator to the alphoidtetO HAC centromere 954 
is not sufficient for kinetochore maintenance in the absence of H3K4me2. (a) 955 
Representative IF images of 1C7 cells expressing the indicated tetR fusion proteins 956 
at the indicated time-points and staining for H4K12ac (panel 3) and H3K4me2 (panel 957 
4). Merged images represent the overlay of EYFP and mCherry signals with 958 
H4K12ac (panel 5) or H3K4me2 (panel 6). Quantification of fluorescence signals of 959 
HAC-associated H4K12ac (b) and H3K4me2 (c) staining in individual cells 960 
transfected as in A. Solid bars indicate the medians and error bars represent the 961 
standard error of the mean (s.e.m). N= two independent experiments per time point 962 
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and staining. (d) RT-PCR analysis of the centromeric transcripts in 1C7 cells 963 
expressing tetR-EYFP-LSD2WT together with either tetR-mCherry (grey bars ) or 964 
tetR-mCherry-CENP-28 (white bars). tetO (alphoidtetO array), chr21 (centromere of 965 
chromosome 21) and bsr (Blasticidine resistance gene). Data represents the mean 966 
and s.e.m of three independent experiments. (e) Representative IF images of 1C7 967 
cells expressing the indicated tetR- fusion proteins at the indicated time points and 968 
stained for CENP-A. (f) Quantification of HAC-associated CENP-A signals in 969 
individual cells transfected with the indicated tetR- fusion constructs. The values of 970 
the HAC-associated CENP-A signals were normalised for the mean of the CENP-A 971 
signals of endogenous centromeres. Solid bars indicate the medians and error bars 972 
represent the standard error of the mean (s.e.m).  N= two independent experiments 973 
per time point and staining. Asterisks indicate significant differences (*p<0.05; 974 
**p<0.01; Mann-Whitney test). Scale bars= 10 μm. 975 
 976 
Figure 6. LSD2 effects on the alphoidtetO HAC kinetochore are recovered by 977 
tethering a transcriptional activator that hyperacetylates histone H3K9. (a) RT-978 
PCR analyses of 1C7 cells transfected with tetR-EYFP-LSD2WT with either tetR-979 
SNAP (grey bars) or tetR-SNAP-p65 (white bars). Expression levels of the alphoidtetO 980 
array (tetO), chromosome 21 centromere (chr21) and blasticidin resistance gene 981 
(bsr) were normalised to those of β-actin. Data represents the mean and s.e.m. of 982 
three independent experiments. (b) RT-PCR analysis of centromeric transcripts in 983 
1C7 cells after mitotic shake-off and expressing tetR-EYFP (grey bars), tetR-EYFP-984 
LSD2WT together with either tetR-mCherry (white bars), tetR-mCherry-CENP-28 985 
(orange bars) or tetR-SNAP-p65 (yellow bars). tetO (alphoidtetO array), chr21 986 
(centromere of chromosome 21) and bsr (Blasticidine resistance gene). Data 987 
represents the mean and s.e.m of three independent experiments. (c) IF images of 988 
1C7 cells expressing the indicated tetR-fusion proteins at the indicated time-points 989 
and staining for CENP-A and CENP-C. Merged images represent the overlay of 990 
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EYFP and TMR-Star signals with CENP-A (panel 5) or CENP-C (panel 6). 991 
Quantification of fluorescence signals of HAC-associated CENP-A (d) and CENP-C 992 
(e) staining in individual cells transfected with the indicated tetR-fusion constructs. 993 
Values for the HAC-associated CENPs signals were normalised for the mean of the 994 
CENPs signals of endogenous centromeres. Solid bars indicate the medians and 995 
error bars represent the standard error of the mean (s.e.m).  N= two independent 996 
experiments per time point and staining. Asterisks indicate significant differences 997 
(*p<0.05; **p<0.01; Mann-Whitney test). Scale bars= 10 μm. 998 
 999 
FIGURE 7. Histone H3 modifications stabilize centrochromatin for kinetochore 1000 
maintenance. (a) IF images of 1C7 cells expressing CLIP-H3.3 and the indicated 1001 
tetR-fusion proteins for 48 hours. H3.3 was detected by staining for anti-CLIP (BC-1002 
Alexa647). Merged images represent the overlay of EYFP, mCherry/TMR-Star 1003 
signals with Alexa647 (panel 4). (b) Quantification of fluorescence signals of HAC-1004 
associated CLIP-H3.3 staining in individual cells transfected with the indicated tetR-1005 
fusion constructs. Values for the HAC-associated CLIP-H3.3 signals were normalised 1006 
for the mean of the H3.3 signals of the nuclei. (c) Representative images of 1C7 cells 1007 
expressing Halo-CENP-A and the indicated tetR-fusion proteins for 48 hours. Halo-1008 
CENP-A was detected with a Coumarin-tagged Halo ligand. Left panels show the 1009 
loading of newly synthesized Halo-CENP-A and the right panels show levels of total 1010 
Halo-CENP-A molecules at centromeres.  (d-e) Quantification of Coumarin 1011 
fluorescence signal associated with the HAC and normalized to the average signals 1012 
at endogenous centromeres. Solid bars indicate the medians and error bars 1013 
represent the standard error of the mean (s.e.m). N= three independent experiments. 1014 
Scale bars= 10 μm. 1015 
 1016 
FIGURE 8. H3K4me2 and H3K9ac maintain the epigenetic signature of 1017 
centrochromatin. (a) Representative images of 1C7 cells expressing the indicated 1018 
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tetR-fusion proteins for 48 hours. The tetR-SNAP fusion proteins were detected by 1019 
incubating cells with SNAP-Cell 647-SiR substrate (panel 3) and CENP-A was 1020 
detected with Alexa405-coupled antibodies (panel 4). (b) Quantification of 1021 
fluorescence signals of HAC-associated CENP-A staining in individual cells 1022 
transfected with the indicated tetR-fusion constructs. Values for the HAC-associated 1023 
CENP-A were normalized for the mean of CENP-A signals on endogenous 1024 
chromosomes. (c) Representative images of 1C7 metaphase spread expressing the 1025 
indicated tetR-fusion proteins for 4 days. Metaphase chromosomes were stained with 1026 
DAPI, CENP-A and H3K9me3. Arrowheads depict the HAC. (d) Quantification of the 1027 
area occupied for H3K9me3 in the HAC normalized for the DAPI area in the 1028 
presence of doxycycline (no tetR-EYFP binding) and after 4 days of expression of 1029 
the indicated tetR-fusion proteins. Asterisks indicate significant differences (*p<0.05; 1030 
**p<0.01; Mann-Whitney test). Solid bars indicate the medians and error bars 1031 
represent the standard error of the mean (s.e.m). N= two independent experiments. 1032 
Scale bars= 10 μm.  1033 
       1034 
FIGURE 9. Model to explain the role of transcription at centrochromatin on 1035 
kinetochore maintenance. CENP-A is represented in red, histone H3 is 1036 
represented in yellow and histone H4 in orange. See text for details. (a) Model for 1037 
centrochromatin maintenance in a normal (wild type) situation. (b-d) Model of the 1038 
effects observed after engineering the alphoidtetO HAC centromere. HT: 1039 
heterochromatin, TF: Transcription factors.  1040 
 1041 
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